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    Chapter 1   
 History and Current Status of Online 
Haemodiafi ltration                     

       Bernard     Canaud       and     Ingrid     Ledebo    

    Abstract     The genesis of hemodiafi ltration (HDF) has followed the general 
sequence of any new therapy passing through a conceptual phase, a development 
phase and a long-term evaluation phase with adequate analysis in each step. 

 In the conceptual phase unmet needs of end stage kidney disease patients treated 
by hemodialysis were identifi ed, proof of concept was established and the necessary 
technological development took place. 

 During the development phase short-term clinical studies demonstrated the 
safety and effi cacy of the online HDF and long-term clinical studies gave evidence 
of benefi ts and risks of this new renal replacement modality. 

 After having satisfi ed these different steps, any remaining questions and/or 
uncertainties can be formulated and the future of the therapy can be discussed. In 
these entire phases one can identify key discoveries and applications that have con-
tributed to major steps forward, often in a new direction. 

 In this chapter, we have highlighted such events and discussed their importance.  

  Keywords     End stage chronic kidney disease   •   Renal replacement therapy   •   Online 
substitution fl uid   •   Cold sterilization process   •   Convective dose  

        Introduction: Why Hemodiafi ltration Was Needed? 

 The development of a new renal replacement therapy corresponds to a need 
expressed by the nephrology community to correct for shortfalls and/or side effects 
observed with the use of conventional dialysis. Looking back at the 1970s, 
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conventional hemodialysis was performed with low-fl ux cuprophane membranes, 
acetate as buffer source and simple pressure devices to control ultrafi ltration. The 
majority of patients were treated in 4–5 h sessions two to three times per week. As 
a result, effi ciency was limited to small water soluble uremic toxins, cardiovascular 
tolerance was poor and problems with bioincompatibility and dialysis-related 
pathology started to appear (amyloidosis, accelerated ageing and – atherosclerosis). 
These factors were pointed out as limitations for long-term sustainability of this 
supportive therapy. A need for improving hemodialysis treatment both on the short 
term by improving effi cacy and tolerability and on the long term by reducing side-
effects was the main focus of clinical research at the time. 

 The development of a new therapy follows the general sequence of any new 
therapeutic agent and goes through a conceptual phase, a development phase and a 
long-term evaluation phase with adequate analysis in each step. In the conceptual 
phase unmet needs are identifi ed, proof of concept is established and the necessary 
technological development takes place. During the development phase short-term 
clinical studies demonstrate the safety and effi cacy of the therapy and long-term 
clinical studies give evidence of benefi ts and risks. Major milestones achieved in 
online HDF development over the last four decades has been summarized in Fig.  1.1 .

   When this is satisfactorily shown any remaining questions and uncertainties are 
formulated and the future of the therapy can be discussed. In all these phases one can 
identify key discoveries and applications that have contributed to major steps for-
ward, often in a new direction. For the therapy in focus in this handbook, hemodiafi l-
tration (HDF), we would like to highlight such events and discuss their importance.  

    Conceptual Phase: How Did We Get There? 

    Unmet Needs 

 Renal replacement therapy (RRT) was successfully developed during the 1970s but 
end stage kidney disease (ESKD) patients were still faced with a high morbidity and 
mortality risk dominated by cardiovascular diseases [ 1 ,  2 ]. Although the exact 

  Fig. 1.1    Major milestones achieved in online HDF development over the last four decades       
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reasons for these shortfalls were not clear, one can acknowledge that they were 
multifactorial including patient and comorbid risk profi le, past history of chronic 
kidney disease (CKD) and care management before starting dialysis, and RRT effi -
cacy and tolerance. 

 Considering the pioneering work of Babb [ 3 ] and Bergstrom [ 4 ,  5 ], later updated 
and completed by the Eutox group [ 6 ] and others, it becomes clear that uremic 
toxins comprise a large spectrum of compounds characterized by molecular 
weights, chemical characteristics, kinetics, protein and tissue binding capacities 
that extends far beyond that of urea. Focusing on the ‘middle and larger molecule’ 
substances it is also obvious that these compounds can only be cleared by means of 
large pore size membranes and the addition of a driving force such as convection to 
solute fl uxes.  

    Proof of Concept 

 In 1975 Henderson et al. using a synthetic ultrafi ltration membrane (XM50, Amicon, 
USA), reported the fi rst clinical application of hemofi ltration (HF), although at the 
time referred to as “hemodiafi ltration” [ 7 ,  8 ], see Fig.  1.2 . The driving force for this 
new therapy was the desire to remove “middle molecules”, i.e. uremic solutes that 
were putatively held responsible for some pathophysiologic manifestations of ure-
mia and which could not be cleared in conventional low-fl ux HD because of their 
size. Henderson could show that by using pure convective therapy (HF) it was pos-
sible to extend the blood purifi cation to include a wide range of large solutes, nor-
mally removed by the kidneys. The clinical study also showed that the patients 
tolerated the HF sessions much better than their regular HD. Fluid removal to reach 
dry weight was better achieved without symptoms [ 9 ,  10 ]. Correction of hyperten-
sion and a high degree of clinical wellbeing was noted among the patients although 
acetate was used as main buffer [ 11 ]. These results led to great expectations from 
the nephrology community. HF was perceived as a superior dialysis therapy and 
several groups started clinical trials.

   In Europe, Quellhorst pioneered a large HF program using a new high-fl ux mem-
brane (AN69, Rhone-Poulenc) and conducted controlled crossover studies on 
patients treated with HD and HF [ 12 ,  13 ]. He and others could show signifi cant 
improvement of vascular stability and reduced incidence of symptomatic hypoten-
sion when patients were treated with HF [ 14 ,  15 ]. These results were presented in 
the late 1970s, at a time when the hopes of identifying the “middle molecules” were 
dwindling [ 16 ,  17 ]. HF was still considered an attractive therapy, more because of 
the improved hemodynamic stability than because of the capacity to remove large 
solutes. In 1981, Shaldon predicted: “In at least 20–30 % of patients, progress from 
classical diffusion dialysis will benefi t the patient and at the same time improve 
cost-effectiveness by shortening treatment time, reducing staff requirement and 
offer better rehabilitation prospects” [ 18 ]. 

 During the 1980s, based on urea kinetic modeling (UKM), Gotch and Sargent 
[ 19 ,  20 ] introduced the concept of dialysis quantifi cation and established Kt/V as 
the dialysis dose index. Urea was used in this approach as an indicator of dialysis 
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effi cacy, protein catabolic rate and dietary protein intake, and a surrogate of uremic 
toxins derived from protein metabolism [ 21 ]. Dialysis dose (Kt/V) became a new 
driving force and focus in the dialysis world for dialysis research and prescription 
[ 22 ]. With the prospect of reducing treatment times and optimizing performances 
all means were used to enhance the removal of urea. The determinants of diffusive 
transport – blood fl ow rate, dialysis fl uid fl ow rate, surface area and permeability 
properties of the dialysis membrane (KoA) – were all adjusted upwards [ 23 – 25 ]. 
This meant that HF, which only applies convection and thus provides the same 
clearance for urea as for larger solutes, was no longer interesting with the ultrafi ltra-
tion volumes used at the time (20–25 L/session) [ 26 ,  27 ]. However, there were still 
some pioneering groups in research-oriented hospitals who had experienced the 
clinical benefi ts of HF therapy and explored larger ultrafi ltration volume to match 
performances with new standards [ 28 ]. 

 During the late 1970s and early 1980s the dialysis industry thrived thanks to the 
growing number of ESKD patients. Ambitious development projects were started in 
collaboration with academia and resulted in new membranes and technical innova-
tions that were applied in experimental therapies. One such innovative therapy was 
the combination of HD and HF, sometimes referred to as “simultaneous HF/HD” 
and later renamed hemodiafi ltration. The entrepreneur group in Giessen, having 
worked with both HD and HF, felt that each therapy had something to offer [ 29 ]. 
Their goal was to achieve enhanced clearance for small as well as large solutes 
while maintaining good hemodynamic stability. By combining regular high-fl ux 
hemodialysis and forced ultrafi ltration with substitution fl uid provided in sterilized 
bags, this group opened a new therapeutic avenue named hemodiafi ltration [ 30 ,  31 ].   

  Fig. 1.2    LW Henderson and the fi rst hemo(dia)fi ltration machine (Reprinted from Henderson 
et al. [ 7 ]. With permission from Elsevier)       
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    Technological Development 

 HDF is technically complex to perform because it requires components needed for 
both HD and HF [ 32 ]. The membrane in the fi lter should have good diffusive prop-
erties, high hydraulic permeability for easy ultrafi ltration and generous sieving pro-
fi le to allow passage of solutes up to the size of albumin. Because the fl uid is used 
for both diffusion and convection, it must meet the corresponding quality require-
ment, i.e. the dialysis fl uid should be at least ultrapure and the substitution fl uid be 
sterile and non-pyrogenic. The fl uid composition should be individualized within 
physiological limits. Access to fl uid must not be a limiting factor, which makes on- 
line preparation integrated with the treatment the only option. This places special 
hygienic and regulatory demands on the hardware, in addition to accurate volume 
control and all other functions in modern dialysis equipment. 

 Technical limitations, mainly regarding membrane permeability and fl uid com-
position and volume, have been the major determinants of the development of HDF 
therapy during the course of the 35 years it has been applied. The membranes used 
in the early days were suited for diffusive or convective transport respectively but 
have been gradually developed and optimized for HDF. Modern membranes com-
bine high diffusive and hydraulic permeability with generous but controlled sieving 
of solutes. To achieve these characteristics membranes are today made from various 
synthetic polymers, which can be combined to provide optimal biocompatibility as 
well as the desired performance. 

 The fl uids have also undergone major changes. In the fi rst HDF trials and for 
many years the buffer source was acetate in the dialysis fl uid, as in HD, and lactate 
in the substitution fl uid provided in autoclaved bags, as in HF. When bicarbonate 
was introduced in the dialysis fl uid, it still took many years until it was included in 
the substitution fl uid. Based on cold sterilization, as described earlier by Henderson 
[ 33 ], Canaud et al. introduced and evaluated for the fi rst time in clinic on-line HDF 
with bicarbonate using a using a modifi ed HD machine with fl uid balancing cham-
bers to control ultrafi ltration [ 34 ]. After this pilot trial, the feasibility of on-line 
fl uid preparation was recognized and the advantages became apparent. On-line 
preparation of the sterile fl uid used for substitution meant not only that bicarbonate 
could be used and the electrolyte composition could be individualized. It also made 
it possible to increase the dose of therapy by exchanging larger fl uid volumes, 
which for practical and economical reasons had been restricted to small research 
studies when fl uid in autoclaved bags were used. Different substitution modalities 
have been developed to overcome patient barriers and/or to achieve targeted effi -
cacy of the method in peculiar conditions (pre-dilution, mid-dilution and mixed-
dilution) [ 35 – 38 ]. It was not until on-line fl uid preparation became widely accepted, 
which with some exceptions occurred in the new millennium, that the limitations 
imposed by fl uid issues were resolved [ 39 – 41 ]. 

 Although described above as a technical limitation the general introduction of 
on-line fl uid preparation should probably be viewed as a regulatory limitation [ 42 ]. 
The ultrafi lters required for stepwise removal of bacteria and pyrogens from dialysis 
fl uid were commercially available already in the mid-1980s and prototype systems 
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for on-line preparation of large volumes of sterile, non-pyrogenic fl uid were origi-
nally used for HF. However, sterilization by on-line preparation is still not recog-
nized by the Pharmacopoeia and therefore not considered by regulatory authorities, 
so the approval of dialysis machines with on-line capacity met with serious resis-
tance [ 43 ,  44 ]. 

 In some countries, nephrologists managed to convince authorities to approve on- 
line HF and HDF, but only with cumbersome safety measures attached to the appli-
cation, which increased labor and cost [ 45 ,  46 ]. Other countries lacked regulations 
and practicing nephrologists hesitated to use the therapy. Alternative and/or hybrid 
therapies have been developed to bypass those regulatory measures and/or to explore 
additional benefi ts such as acetate-free biofi ltration (AFB) and paired fi ltration dial-
ysis (PFD) or hemodiafi ltration with endogenous reinfusion of substitution fl uid 
after regeneration on resin (HFR) [ 47 – 50 ]. Still, the accumulated European experi-
ence on the safety of performing on-line HDF and the potential of the promising 
data from patients treated with on-line HDF fi nally broke the barrier and during the 
new millennium on-line HDF is the only form of the therapy considered [ 51 ]. An 
international guideline covering practical and safety aspects of on-line fl uid prepa-
ration is now widely approved as standard [ 52 ]. 

 While waiting for authorities to approve on-line fl uid preparation some groups, 
mainly in Japan and the US where on-line equipment was not commercially avail-
able, developed their own systems for performing diffusion and convection at the 
same time, without using external fl uid for substitution [ 53 – 56 ]. They designed 
systems that increased ultrafi ltration by various pressure manipulations and relied 
on backfi ltration of dialysis fl uid to compensate for excess ultrafi ltration. This can 
increase the convective transport compared to HD but not to the extent of optimally 
prescribed on-line HDF. In addition, the fl uid quality may be a problem. 

 Representing the best of both extracorporeal therapies (HD and HF), hemodiafi l-
tration (HDF) has attracted much interest throughout the western world, i.e. Europe, 
Japan and the USA, from the early 1980s and it still does, although the therapeutic 
application and the questions asked have undergone major changes [ 57 ]. Considering 
these changes in the development of the therapy, clinical results from different time 
periods refl ect what could be achieved with the products available at that time, and 
comparison with modern therapy should be avoided [ 58 ].  

    Clinical Implementation: What Are the Results? 

    Safety 

 Online preparation of substitution solution by cold sterilization process from fresh 
dialysis fl uid is a fundamental prerequisite for delivering high-volume HDF and HF 
modalities. The potential of bacterial-derived products (endotoxin, peptidoglycans, 
bacterial DNA) entering the bloodstream in case of cold sterilization failure or inad-
equate disinfection of HDF machine is an important consideration. By applying 
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strict hygienic rules of disinfection to the online HDF machine, stringent microbial 
monitoring and periodical replacement of sterilizing ultrafi lters, any risk may be 
virtually abolished. Online blood purifi cation modalities necessitate the use of ultra-
pure water and certifi ed machines, and the compliance to strict hygienic rules that 
have been detailed elsewhere [ 59 ]. For further reading, see Chap.   3    . Several studies 
have confi rmed the safety of the online HDF provided the adequate HDF machines 
are used and the best clinical practices are applied [ 60 ,  61 ]. The CONTRAST study 
confi rmed in 10 centers over more than 20,000 HDF sessions the reliability and 
safety of the method [ 62 ]. As good clinical practice, it is advisable to monitor clini-
cal symptomatology of HDF treated patients and to ensure measurement of blood 
sensitive CRP on a monthly basis [ 63 ].  

    HDF Versus HD in Short and Mid-term Studies 

 During the 1980s the dialysis industry was infl uenced by the interest in convective 
therapies and introduced a number of associated technological innovations. New 
membranes with increased hydraulic permeability, so called high-fl ux membranes, 
were made from synthetic polymers and showed improved biocompatibility when 
exposed to blood. Fluid removal during dialysis was simplifi ed and made more 
accurate by the incorporation of ultrafi ltration control systems in the dialysis equip-
ment. New mixing devices facilitated the inclusion of bicarbonate in the dialysis 
fl uid and acetate was gradually replaced as buffer source. 

 Although the development of these innovations was triggered mainly by the 
widespread interest in HF and HDF, they could all be used for HD. Performing 
HD with high-fl ux membranes, ultrafi ltration control and bicarbonate changed the 
therapy signifi cantly. The high-fl ux membrane allowed for increased ultrafi ltra-
tion, which did not cause excess fl uid removal because of the volume was con-
trolled. By means of ultrafi ltration controller devices in the HD machine, the 
excess ultrafi ltration was compensated by backfi ltration of dialysis fl uid. This pro-
vided convective clearance, because the membrane was open and because the 
ultrafi ltration was increased [ 64 ,  65 ]. The presence of bicarbonate, and even more 
so the absence of acetate, enhanced the hemodynamic stability and improved dial-
ysis symptomatology [ 66 ,  67 ]. When high-fl ux HD was compared with the form 
of HDF used at the time, so called classical HDF with 9–10 L substitution fl uid in 
bags, which provided around 10–12 L of convective volume, the difference in 
clearance and symptomatology could not always be detected [ 68 ,  69 ]. 

 When the 1980s changed into the 1990s, urea kinetic monitoring still con-
trolled the prescription of dialysis. Classical HDF provided similar or only slightly 
higher urea clearance than high-fl ux dialysis, but was considered more cumber-
some to perform and was defi nitely more expensive, so unless favored by reim-
bursement it was of little interest to the urea-believers [ 70 ,  71 ]. However, at this 
time a large retention molecule, β 2 -microglobulin (β 2 m), appeared on the scene, 
calling for convective removal [ 72 – 74 ]. Problems with β 2 m retention were taken 
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seriously, especially in Europe and Japan, where more effective and more biocom-
patible convective therapies were again discussed [ 75 – 78 ]. Both HF and HDF 
were tested in clinical studies using on-line equipment and large convection vol-
umes [ 79 – 84 ]. Towards the end of the 1990s the fl aws of urea kinetic modeling 
and its consequence, reduced treatment times and poor outcome, became apparent 
to the dialysis community and studies were designed to test new therapeutic alter-
natives [ 85 ,  86 ]. 

 In 2002 the HEMO study could not show any difference in survival between 
patients treated with either low or high urea dose or low-fl ux or high-fl ux  membranes. 
A subgroup analysis showed improved survival in long-term dialysis patients treated 
with high-fl ux fi lters and the HEMO investigators made the reservation that “the 
higher β 2 m clearances achievable with HDF might improve outcomes” [ 87 ].  

    HDF in Long-Term Studies: Patient Outcome 

 The ultimate benefi ts of HDF/HF therapies in terms of “hard clinical endpoint” such 
as reduction of β2-M-amyloidosis risk, improved survival and reduced hospitalization 
that were suggested by retrospective studies have been confi rmed by recent prospec-
tive randomized controlled trials [ 88 – 91 ]. The Dialysis Outcomes and Practice 
Patterns Study (DOPPS) fi rst suggested that patients being treated with high-effi -
ciency HDF (15–25 L/session) had a 35 % lower mortality than those treated with 
low-fl ux hemodialysis; comparison with high-fl ux hemodialysis and low-effi ciency 
HDF (<15 L/session), however, was not signifi cantly different [ 92 ]. Two recent pro-
spective randomized trials (CONTRAST and Turkish HDF study) failed to show ben-
efi cial effects on mortality (all-cause or CV mortality) as primary endpoint. 
Interestingly, both studies showed, in post-hoc analysis, benefi cial effects on all-cause 
mortality when patients were stratifi ed and allocated to high ultrafi ltration volume 
(>20 L/session), i.e. to high convective dose [ 93 ,  94 ]. The importance of best clinical 
practices and weakness of these studies was identifi ed since 50–66 % of patients 
enrolled did not achieve the targeted ultrafi ltration volume [ 95 ]. The most recent ran-
domized controlled trial, the Catalonian ESHOL study, complying with best clinical 
practices and achieving targeted ultrafi ltration volume in 90 % of patients proved that 
mortality was reduced by 30 % (all-cause and CV cause) in high-volume HDF treated 
patients. In addition, the Catalonian study found a reduction of hypotensive episodes 
(28 %), stroke (61 %) and infection (55 %) [ 96 ]. For further reading, see Chap.   16    .  

    Convective Dose Concept 

 The burning question in HDF today concerns the effective convection volume, i.e. 
the total undiluted ultrafi ltration volume [ 97 – 99 ]. How large should it be to make 
a difference and how can we best obtain it? To answer this question, a group of 
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Dutch nephrologists designed the CONTRAST study aiming for 24 L of ultrafi l-
tration, i.e. convection volume, per treatment but only achieved an average of 
20.7 L [ 95 ,  100 ].  Post hoc  analysis showed that the tertiles of patients treated with 
the highest convection volume, >21.95 L, had signifi cantly improved survival 
[ 83 ]. In parallel a similar study was conducted in Turkey, the Turkish study com-
pared on-line HDF with high-fl ux HD, aimed for 15 L of infusion solution and 
achieved an average of 17.2 L [ 94 ]. The result was similar to CONTRAST in that 
no difference in survival could be shown for the total population, but again a  post 
hoc  analysis of HDF patients treated with the highest convection volume, >21 L 
(17.4 L substitution + 3.5 L weight loss), had signifi cantly improved survival. The 
secondary result from these two large, randomized, controlled studies was con-
fi rmed by the ESHOL study, which in the primary analysis showed that all patients 
treated with HDF with convection volumes exceeding 22.9 L per session had sig-
nifi cantly improved survival compared with patients on high-fl ux HD [ 86 ]. Further 
information on the pitfalls and reliability of RCTs and meta-analyses on this sub-
ject is provided in Chap.   16    .   

    Remaining or Unsolved Questions Related to Online HDF: 
Where Are We Today? 

 Online hemodiafi ltration is no longer an experimental treatment, it is a mature renal 
replacement therapy, used daily to sustain life of more than 160,000 ESKD patients 
worldwide including 80,000 in the EMEA region [ 101 ]. This is presented in Fig.  1.3 . 
Online HDF represents the most advanced treatment modality for end stage kidney 
disease patients [ 102 ]. Considering results of recent RCTs, the time has now come 
for worldwide, including USA, acceptance of hemodiafi ltration as the means to 
improve ESKD patient outcomes [ 103 ].

   The use of highly permeable membranes submitted to high transmembrane pres-
sure regime may lead to increased albumin loss, although improvement of mem-
brane manufacturing technology has reduced the sieving coeffi cient of albumin and 
minimized losses [ 57 ]. For more porous or higher cut-off membranes that do leak 
albumin, HDF modality exposes the patient to risk signifi cant albumin loss and may 
not be a good option. Nevertheless, clinical and biologic consequences of albumin 
loss and hypoalbuminemia must be balanced with the putative benefi cial effect of 
increased removal of uremic toxin-bound substances. 

 Enhanced loss of nutrients is a theoretical risk associated with all modalities 
using high-fl ux membranes and enhanced convective fl uxes. Soluble vitamins, trace 
elements, amino acids, small peptides, and proteins may be lost during high-fl ux 
treatments. The total amount of nutrients lost per session is, however, suffi ciently 
low to be easily compensated for by adequate oral intake [ 104 ]. 

 Electrolyte balance depends strongly on patient anthropometric characteristics, 
electrolyte concentrations and convective volume achieved during HDF sessions. 
Electrolyte prescription (Na, K, HCO3, Ca, Mg) needs to be customized to patient 
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metabolic needs and convective volume. Higher ultrafi ltration volumes will need to 
reassess electrolyte mass balance and reset prescription accordingly, since all pres-
ent reported studies have been performed with restricted ultrafi ltration volume 
(<30 L/session in post-dilution HDF). For further reading, see Chap.   11    .  

    Future Development of Online HDF 

 Modern online HDF equipment provides a unique technical platform that may be 
used to facilitate the implementation of new dialysis options (nocturnal HDF, daily 
HDF) or to revitilize home or self-care renal replacement therapies with automated 
functions such as auto-priming, rinsing or fl ushing. With liberal access to sterile 
apyrogenic fl uid new applications can be developed without cost concern.  

    Conclusions 

 Online hemodiafi ltration can today be considered a mature renal replacement ther-
apy, being used daily to sustain life of more than 80,000 ESKD patients in Europe 
(18 % of all RRTs). By combining diffusive and convective clearances, online HDF 
offers the most effi cient solute removal capacity over the widest molecular weight 
spectum of uremic toxins. With high-fl ux synthetic membrane and ultrapure dialy-
sis fl uid, online HDF constitutes the most hemocompatible renal replacement ther-
apy. Safety and effi cacy have been proven in numerous short and mid-term clinical 
studies. Recent randomized controlled clinical trials tend to accredit the superiority 
of online HDF over contemporary HD, i.e. high-fl ux HD, to the adequate convective 
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  Fig. 1.3    Development of HDF patients from 2004 to 2014 (Based on data from Ref. [ 103 ])       
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dose (or convective volume) being delivered. Further clinical trials should establish 
the optimal convective dose in different clinical settings (patient characteristics and/
or ethnicity, substitution modalities) and to establish the cost-effectiveness of HDF 
compared to contemporary HD. 
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